Carbon, one of the most important chemical elements for life, energy, and climate, is widely distributed in the Earth's upper mantle, through the deep carbon cycle ([@r1], [@r2]). Due to the limited solubility of carbon in mantle minerals ([@r3]) and the relatively oxidized environment in the shallower part of the upper mantle (\<∼250 km) ([@r4]), carbon is mostly stored in forms of carbonate minerals as accessory phases in mantle rocks. Petrologic studies suggest that the presence of carbonates can dramatically lower the solidus of mantle rocks ([@r5][@r6][@r7]--[@r8]), thereby producing incipient carbonate-rich melts (carbonatite melts) in the deep upper mantle through either partial melting of carbonated lithologies ([@r5], [@r6]) or redox melting of upwelling reduced carbon domains ([@r9]). These carbonate-rich melts are efficient agents for mantle metasomatism due to their high mobility ([@r10]) and enrichment in various incompatible elements ([@r11]). The presence of carbonate melts in the upper mantle has been argued by a range of petrological and geochemical studies including the discovery of carbonate melt inclusions in gem-quality diamond ([@r12]), observations of CO~2~-rich petit-spot volcanos ([@r13]), and the investigation of Mg isotope anomalies in mantle-derived melts ([@r14]), and has been suggested to be the cause for high electrical conductivity anomalies ([@r15], [@r16]) in the mantle. However, direct seismic detection of the existence and distribution of carbonate-rich partial melts has been hindered by our poor understanding of the elastic properties, such as sound velocity and density, of carbonate melts at high pressures.

Experimental measurements on the sound velocity and density of carbonate melts most relevant to Earth's upper mantle ([@r1]), including CaCO~3~ (calcite), MgCO~3~ (magnesite), and CaMg(CO~3~)~2~ (dolomite) melts, are essentially nonexistent due to experimental challenges. At room pressure, these melt properties cannot be determined directly because carbonates in the CaCO~3~-MgCO~3~ system undergo decarbonation reactions prior to melting. As a result, room-pressure sound velocity and density measurements are limited to CaCO~3~-bearing alkali carbonate melts ([@r17][@r18]--[@r19]) (with a CaCO~3~ mole fraction less than 0.5). At high pressures, only the density of CaCO~3~ melt has been estimated, based on X-ray scattering measurements ([@r20]), but this method suffers from complex data analysis procedures for background correction and the assumptions involved. So far, most our knowledge on the compressibility and equation of state (EOS) of CaCO~3~-MgCO~3~ melts comes from several molecular dynamics (MD) simulations using either classical force fields ([@r21][@r22]--[@r23]), or first-principles density functional theory (DFT) ([@r23][@r24]--[@r25]). However, large discrepancies exist among these studies. For example, a discrepancy of up to 12% exists for the densities of MgCO~3~ melt reported in the studies of refs. [@r23], [@r26], and the estimated pressure derivative of compressibility for CaCO~3~ melt differs by more than 30% among the results of refs. [@r21][@r22]--[@r23], [@r26]. These discrepancies in the simulation results highlight the need for direct high-pressure experiments to better understand the physical properties of these carbonate melts at deep Earth conditions.

Here we report the first high-pressure experimental study on the density and sound velocity of a carbonate melt (dolomite composition, CaMg(CO~3~)~2~), as well as new FPMD simulation results on dolomite melt. Of all of the carbonate melt compositions, the dolomite composition is of primary interest for the upper mantle because it is close to the primary near-solidus carbonatite melt compositions at upper mantle conditions by melting of carbonated mantle lithologies ([@r1], [@r5], [@r27]). Using our sound velocity and EOS results for dolomite melt and those for diopside melt from reference ([@r28]), we calculated the compressional wave velocity (V~P~) to shear wave velocity (V~S~) ratio for melt-bearing mantle as a function of melt fraction and depth. Comparison of our calculated V~P~/V~S~ ratio with that of the global seismic models ([@r29][@r30]--[@r31]) provides new insights into the possible distribution, composition, and amount of partial melts in the deep upper mantle.

To determine the sound wave velocity of dolomite melt, we conducted in situ ultrasonic measurements combined with synchrotron X-ray diffraction and imaging ([@r32]) at high pressures in a Kawai-type multianvil apparatus ([*Methods*](#s1){ref-type="sec"}) ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). The melt sample was synthesized in situ by heating a sintered polycrystalline dolomite disk to temperatures above the melting temperature, with complete melting confirmed by observing changes in reflected ultrasonic signals ([*SI Appendix*, *Text S1* and Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). We determined the length of the melt sample using X-ray radiographic imaging ([Fig. 1*A*](#fig01){ref-type="fig"}), and the round-trip travel time of compressional waves (no shear waves for liquids) through the sample by measuring the arrival time difference between the ultrasonic signals reflected from the top and bottom surfaces of the sample ([@r32][@r33]--[@r34]) ([Fig. 1*B*](#fig01){ref-type="fig"}). We conducted five different experimental runs to acquire the sound velocity data for dolomite melt ([Fig. 2*A*](#fig02){ref-type="fig"} and [*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). At 1837 K, the sound velocity for dolomite melt increases with pressure from 3757 m/s at 1.9 GPa to 4905 m/s at 5.9 GPa. At pressures below ∼4 GPa, the sound velocity decreases slightly with temperature, and the effect of temperature on the sound velocity becomes negligible with further increases in pressure. The uncertainty in measured sound velocities is less than 1%, arising mostly from the uncertainties in the determination of the length of the molten sample from X-ray radiography.

![(*A*) A representative radiographic image of the liquid sample at 4.1 GPa and 1733 K. Red lines indicate the positions of the buffer rod (BR)-sample and sample-backing plate (BP) boundaries. (*B*) Corresponding P-wave ultrasonic signals obtained for the dolomite melt sample.](pnas.2004347117fig01){#fig01}

![(*A*) Sound velocity as a function of pressure for dolomite melt. Different markers correspond to different experimental runs: square-T2207, circle-T2208, upward-pointing triangle-T2261, downward-pointing triangle-T2262, diamond-T2439. Different marker colors correspond to different temperatures: blue-1629 K, green-1733 K, orange-1837 K, magenta-1942 K, red-2046 K. The blue and orange curves are fitted velocity results of dolomite melt along the 1629 K and 1837 K isotherms, respectively. The dashed and dash-dot curves are our FPMD results for dolomite melt along the 2000 K isotherm based on LDA and GGA, respectively. The thick black curve is the velocity profile for diopside melt from Xu et al. ([@r28]) for comparison. The diopside melt velocity is calculated along its adiabat with a potential temperature of 1673 K, but the temperature effect on the velocity of diopside melt at high pressures is negligible ([@r28]). (*B*) Density as a function of pressure for dolomite melt obtained from experiments and FPMD simulations in this study, and comparison with previous studies. Blue asterisk-neutral point, blue upward-pointing triangle-flotation point, blue solid line-EOS fitting based on experimental data at 1773 K, blue dotted line-EOS fitting at 2000 K, red circle-density data obtained by LDA, red square-density data obtained by GGA, red dashed line-EOS fitting at 2000 K for LDA, red dash-dot line-EOS fitting at 2000 K for GGA, green diamond-classical MD simulations data at 2073 K from Desmaele et al. ([@r23]), dark green diamond-GGA simulation data at 1773 K from Desmaele et al. ([@r23]), cyan cross-classical MD simulations data at 1100 K from Hurt ([@r26]), black star-density data of hydrous dolomite melt (with 10 wt% H~2~O) at 1474--1681 K from Ritter et al. ([@r47]) measured by X-ray absorption method, gray dashed line-density of carbonated basaltic melt (with 5.0 wt% CO~2~) from sink-float experimental results by Ghosh S. et al. ([@r48]), gray dash-dot line-density of carbonated MgSiO~3~ melt (with 5.2 wt% CO~2~) from FPMD results by Ghosh D.B. et al. ([@r49]).](pnas.2004347117fig02){#fig02}

We determined the density of dolomite melt at high pressures using the sink-float technique ([@r35], [@r36]) with boron carbide (B~4~C) as the solid density marker in a Walker-type multianvil press ([*Methods*](#s1){ref-type="sec"}). We have successfully observed neutrally buoyant and floating B~4~C in dolomite melt at 3 and 5 GPa, respectively, whereas sinking of B~4~C, expected at lower pressures, was not observed due to the decomposition of dolomite ([@r37], [@r38]) in the experiment performed at 1 GPa ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). The neutral buoyancy experiment allows us to estimate the density of dolomite melt to be 2.54 g/cm^3^ at 3 GPa and 1773 K, using the EOS of B~4~C ([@r39]). The uncertainty in the density is estimated to be ∼1%, as bounded by the flotation case and the uncertainty in pressure is ∼0.5 GPa.

We combined our sound velocity data with the density data point to constrain the EOS for dolomite melt ([Fig. 2*B*](#fig02){ref-type="fig"}) and obtained velocity as a function of pressure ([Fig. 2*A*](#fig02){ref-type="fig"}) based on the third-order isothermal Birch-Murnaghan EOS. We fit our experimental data using a Monte-Carlo approach ([*SI Appendix*, *Text S2*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)), with best-fit results listed in [Table 1](#t01){ref-type="table"}. The calculated velocity and density profiles for dolomite melt recover the experimental data very well ([Fig. 2](#fig02){ref-type="fig"}). Our results provide strong constraints on the bulk modulus $\left( K_{T0} \right)$ and its pressure derivative $\left( K_{T}^{'} \right)$ ([*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)), which are critical to extrapolating the sound velocity to deep upper mantle pressures. Compared to the velocity of diopside melt (CaMgSi~2~O~6~) ([@r28]), the velocity of dolomite melt is significantly faster than that of diopside melt at upper mantle conditions and the velocity difference between the two melts increases with pressure. This implies that carbonate melt may be less efficient than silicate melt in reducing the seismic velocity in the upper mantle of the Earth.

###### 

P-T conditions and fitting results for the EOS of dolomite melt

                                                             Experiments   GGA                       LDA            Desmaele et al. ([@r23])
  ---------------------------------------------------------- ------------- ------------------------- -------------- --------------------------
  $T_{ref}\left( K \right)$                                  1573          2000                      2000           1653
  $P\left( {GPa} \right)$                                    1.4--5.9      0--15                     0--16          0--15
  $T\left( K \right)$                                        1629--2046    2000--3000                2000--3000     1653--2073
  $\rho_{0}\left( {gcm^{- 3}} \right)$                       2.33 ± 0.02   1.92 ± 0.02               2.41 ± 0.01    2.26
  $K_{T0}\left( {GPa} \right)$                               16.1 ± 1.9    9.04 ± 1.56               19.87 ± 1.71   12.13
  $K_{T0}^{'}$                                               9.0 ± 1.5     6.45 ± 0.80               6.94 ± 0.45    8.5
  $\delta_{T}$                                               3.5 ± 1.3                                              
  $\left( {{dP}/{dT}} \right)_{V}\left( {{MPa}/K} \right)$                 $1.4 + 283.1e^{- 6.8u}$   $7.5 - 5.8u$   
  $\gamma$                                                                 $2.8 - 2.0u$              $3.3 - 2.6u$   

\*$u = {V/V_{ref}}or{\rho_{ref}/\rho}$.

We supplemented our experimental data with first-principles molecular dynamics (FPMD) simulations on dolomite melt using the canonical (NVT) ensemble as implemented in the Vienna ab initio simulation package (VASP) ([@r40][@r41]--[@r42]) ([*Methods*](#s1){ref-type="sec"}). We calculated the density and compressibility of dolomite melt at high pressures ([*SI Appendix*, Table S3 and Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)) employing both the local density approximation (LDA) and the generalized gradient approximation (GGA-PBE) ([@r43], [@r44]) for electronic exchange-correlation energy estimations. Both LDA and GGA produce density-pressure curves subparallel to the experimentally determined compression curve, with the experimental curve lying between the two ([Fig. 2*B*](#fig02){ref-type="fig"}). This is reasonable as it is well-known that LDA often overestimates the density while GGA underestimates it refs. [@r45], [@r46]. Comparisons with other simulation results for dolomite melt ([@r23], [@r26]), density results for hydrous dolomite melt ([@r47]) and carbonated silicate melt ([@r48], [@r49]) are given in [*SI Appendix*, *Text S4*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental). Similarly, both LDA and GGA simulations give similar pressure dependences of sound velocity. We find that the measured velocities of dolomite melt at high pressures are very well reproduced by our FPMD simulations using LDA ([Fig. 2*A*](#fig02){ref-type="fig"}), providing strong support for the extrapolation of the sound velocity to deep upper mantle pressures. Comparison of the results in the velocity-density space is shown in [*SI Appendix*, Fig. S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental).

Petrologic studies on melting of carbonated upper mantle have shown that the initiation of partial melting beneath midocean ridges can occur as deep as ∼220--330 km ([@r5], [@r6]). For typical mantle carbon concentrations of tens to hundreds of ppm, the determined carbonated mantle solidus is expected to be always lower than the upper mantle adiabat ([@r50]), implying a pervasive volatile-induced partial melting in the deep upper mantle. The small amount (\<0.1%) of melt produced by melting of carbonated peridotite ([@r1]), or by redox melting of upwelling reduced carbon-enriched mantle ([@r9]) is likely to be carbonatite (with ∼40 wt% CO~2~) at a depth greater than ∼300 km or carbonate-rich silicate melt (≤ 25 wt% CO~2~ and ≥25 wt% SiO~2~) at a shallower depth. Geodynamic modeling on the rates and distribution of carbonate melting using mantle upwelling patterns also shows that low-degree carbonate-induced melting occurs pervasively throughout the oceanic upper mantle at depths greater than ∼150 km ([@r51]). The presence of such carbonate-rich melt at greater depths (∼150--330 km) than typical silicate melting (less than ∼85 km deep) may well explain the observed deeper geophysical anomalies in the upper mantle ([@r52][@r53][@r54]--[@r55]), implying that carbonated incipient melting may extend to as deep as ∼300--330 km. However, no direct constraint from seismic velocity has ever been placed on the extent of this deep melting, due to the lack of available elasticity data on melts at high pressures. Here we employ the theoretical model for partially molten assemblages from Takei ([@r56]) and use our relaxed elasticity data on dolomite melt (CaMg(CO~3~)~2~) and previous results on diopside melt (CaMgSi~2~O~6~) ([@r28]) to evaluate the effect of partial melts on the seismic structure of the upper mantle.

We calculated V~P~/V~S~ ratios for partially molten mantle (olivine + various amount of carbonate or silicate melt) as a function of depth (refer to [*SI Appendix*, *Text S3*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental) for calculation details), and compared the results with the V~P~/V~S~ ratios from global 1-dimensional (1-D) seismic models including PREM ([@r29]), IASP91 ([@r30]), and AK135 ([@r31]) ([Fig. 3](#fig03){ref-type="fig"}). Three depth ranges in the upper mantle can be roughly distinguished based on the V~P~/V~S~ ratio. From ∼50 to 80 km, the global seismic models display a higher V~P~/V~S~ ratio than that of the dry mantle, which corresponds to the low-velocity zone (LVZ) near the lithosphere-asthenosphere boundary (LAB). Our modeling results are consistent with previous studies ([@r57], [@r58]) suggesting that a small amount of partial melts is required for the LVZ. In the depth range from ∼100 to 160 km, seismic models show V~P~/V~S~ ratios close to or even smaller than those of the melt-free mantle, probably due to the dehydration of this part of the mantle by low-degree partial melting above in the LVZ, as removal of hydrogen can also significantly affect the seismic velocity ([@r59]). In the deep upper mantle from ∼180--330 km depth, the focus region in this study, all global seismic models show higher V~P~/V~S~ ratios than that of the melt-free mantle and require the presence of a very small fraction (∼0.05%) of either carbonate or silicate melt ([Fig. 3](#fig03){ref-type="fig"}). This implies that the initial melting in the upper mantle is indeed likely to extend as deep as ∼330 km, consistent with previous petrologic studies on mantle melting ([@r1], [@r5], [@r6]). Although carbonate melt has significantly higher acoustic velocities than silicate melt at high pressures ([Fig. 2*A*](#fig02){ref-type="fig"}), our modeling results show that for such a small melt fraction, seismology is unlikely to be able to distinguish the melt composition (carbonate vs. silicate) based on the observed velocity anomalies. Thus, a combined evaluation from petrologic and mineral physics results are needed in order to better understand the nature and amount of the melts at these depths. According to the melt compositions determined from petrologic studies, the melt is most likely to be carbonatite melt ([@r5]) or carbonate-rich silicate melt ([@r6]). Our V~P~/V~S~ modeling results thus support that a small fraction of carbonate-rich melt corresponding to the volatile-induced mantle incipient melting may be globally present in the deep upper mantle from ∼180--330 km. Although the possible presence of silicate melt at these depths cannot be fully ruled out by our data, our preferred interpretation is the presence of carbonate-rich melt, since producing carbonate-free silicate melt at these depths requires much higher temperature than the mantle geotherm ([@r60]).

![V~P~/V~S~ ratio calculated for a partially molten mantle analog as a function of depth and melt fraction, and its comparison with global seismic profiles. Colored solid lines-SC olivine + dolomite melt and colored dashed lines-SC olivine + diopside melt. They overlap at melt fractions less than 0.5%. The elastic properties for diopside melt is from Xu et al. ([@r28]). PREM model is from Dziewonski and Anderson ([@r29]), IASP91 model from Kennett and Engdahl ([@r30]) and AK135 model from Kennett et al. ([@r31]). All of the calculations were performed along a plausible mantle adiabatic temperature profile ([@r84]).](pnas.2004347117fig03){#fig03}

The pervasive presence of carbonate-rich melt is potentially at odds with some estimates of oxygen fugacity (fO~2~) for the upper mantle below ∼250 km ([@r4], [@r9]), where the average fO~2~ is expected to decrease with depth and becomes too low for carbonates to be stable. However, a recent study ([@r61]) on mantle redox state using CO~2~-trace element systematics of oceanic basalt shows that the convecting upper mantle is likely to be more oxidized than the fO~2~ recorded in mantle xenoliths. In addition, the upper mantle at ∼250--330 km depth could have significant heterogeneities with a variation of fO~2~ at a given depth up to 2--4 orders of magnitude ([@r62]). This means that both reduced carbon (diamond or graphite) and oxidized carbonate can be stable at such depths. Furthermore, the melt present at these depths is likely to be a carbonate-silicate mixture rather than a pure carbonate melt. The lower CO~2~ content of these melts increases their thermodynamic stability at depths below the pure carbonate redox front ([@r63]). Hence, a pervasive presence of carbonate-rich melt in the deep upper mantle is plausible, and this carbonate-rich melt region itself may be also a reflection of the redox-regulated incipient melting in the deep upper mantle. Stagno et al. ([@r63]) has developed a mantle redox state model based on oxythermobarometric equilibria of natural garnet peridotite rocks and demonstrated that the depth and thickness of redox melting is strongly dependent on the initial mantle Fe^3+^/ΣFe ratio and carbon content. With gradual increase of Fe^3+^ in the mantle due to the subduction of oxidized materials, the redox melting front could be deepened ([@r64]). Our results based on global seismic model showing a large range of carbonate-induced melting depths may thus reflect the heterogeneities of upper mantle Fe^3+^ and carbon content.

Due to the low wetting angle ([@r65]) and high enrichment of incompatible elements in carbonate melt ([@r11]), the presence of even a very small amount of such melt will have a significant influence on the physical and chemical properties of the upper mantle. Even with fully connected melt networks, as is the case for carbonate melt ([@r65]), the very small fraction of melt is likely to be retained in the deep upper mantle for a long time due to a combination of low permeability and surface tension forces ([@r66], [@r67]), thus resulting in the high V~P~/V~S~ ratio observed in the global seismic structures. Alternatively, carbonate-rich melt in deeper regions may migrate upwards, with gradual transition in composition to more silicate-rich melt ([@r1]), which could result in possible accumulations of melt at depth, due to an increase in melt viscosity ([@r10]). Recent viscosity measurements on carbonated silicate melts ([@r68], [@bib85]) indeed show much higher viscosity and lower ascent rate than pure carbonate melts. These carbonated magmas may thus have a long residence time in the upper mantle, generating the observed seismic anomalies.

The pervasive presence of ∼0.05% carbonate-rich melt provides a new way to estimate the global average carbon concentration in the deep upper mantle, a critical parameter for understanding the deep carbon reservoir. Although it is well-known that carbon distribution in the upper mantle is highly heterogeneous ([@r70]), a global average value for carbon content is still useful for planetary scale geochemical and geophysical modeling. Considering possible lateral heterogeneities in the mantle, it should, however, be noted that the integrated seismic signature over carbon heterogeneities such as V~P~/V~S~ anomalies in the 1-D global models may not be produced by a simple mass-averaged carbon content when the mantle seismic velocity is a strongly nonlinear function of carbon content. However, a comprehensive analysis of lateral carbon content variation is difficult due to the lack of high-quality V~P~/V~S~ seismic observations at these depths and is thus beyond the scope of current study. Assuming the melt is carbonatitic with an upper bound of ∼40 wt% CO~2~ ([@r5]), and employing the carbon partitioning coefficient between mantle melt and solid (0.00055 ± 0.00025) determined experimentally ([@r71]) and a batch melting model, the estimated average carbon (C) concentration in the deep upper mantle based on our constrained melt fraction is about 80--140 ppm by weight. This estimate lies between the carbon content estimated for a depleted mantle source (∼10--30 ppm) and an enriched mantle source (∼50--500 ppm) based on geochemical measurements of erupted basalts, associated melt inclusions and/or CO~2~/incompatible elements systematics ([@r1]). This further supports the plausibility of a global presence of carbonate-rich partial melts in the deep upper mantle, probably corresponding to the effective base of volatile-induced/redox regulated incipient melting ([@r70]). This carbon concentration amounts to an average carbon budget of ∼(2.0--3.6) × 10^19^ kg in the deep upper mantle, roughly consisting of ∼10% of the total mantle carbon budget ([@r1]), suggesting that the Earth's deep upper mantle is a significant reservoir for the deep carbon cycle.

Materials and Methods {#s1}
=====================

Starting Materials. {#s2}
-------------------

The samples used in both ultrasonic and sink-float experiments were synthetic dolomite cores provided by Dr. Caleb W. Holyoke III from the University of Akron. The dolomite was synthesized by the hot isostatic pressing method described in detail in previous studies ([@r72], [@r73]). The synthetic dolomite is fine-grained (2.5 ± 1.5 μm), has a uniform texture and a nearly perfect stoichiometric composition ([@r72]). For ultrasonic experiments, cylindrical disks with the desired diameter (1.7 mm) were machined from the synthetic dolomite chunk by using a CNC-milling machine. The top and bottom of the disks were then polished to mirror reflection (\<1 μm) with nearly perfect parallelism. The polished disks were used as the starting materials for the ultrasonic experiments. For sink-float experiments, the dolomite chunk was crushed and ground to powders and stored in a vacuum oven before each experiment.

High-Pressure Ultrasonic Measurements. {#s3}
--------------------------------------

The high-pressure ultrasonic measurements were performed at the GSECARS Beamline 13-ID-D of the Advanced Photon Source, Argonne National Laboratory, using a 10-MN hydraulic press with a double-stage Kawai-type multianvil module ([@r74]). Tungsten carbide anvils with a truncation edge length of 8 mm were used as the second-stage anvils. An MgO-MgAl~2~O~4~ octahedron with an edge length of 14 mm was used as the pressure medium in each experiment. The detailed cell assembly is shown in [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental). Pressure of the experiments was determined by energy-dispersive X-ray diffraction of the pressure marker consisting of a mixture of MgO and h-BN (MgO:BN = 3:1 by weight) in the cell assembly, using the EOS of MgO ([@r75]). The uncertainty in pressure is about 10%. Temperature of the experiments was estimated by a W5Re-W26Re thermocouple, with corrections for the thermal gradient calibrated on a similar cell assembly by Chantel et al. ([@r76]). The uncertainty in temperature is about 50 K.

The setup for ultrasonic measurements has been described in detail by Jing et al. ([@r33]) and Xu et al. ([@r28]). Elastic waves, converted from electrical signals in the frequency range of 20--60 MHz by a 10° Y-cut LiNbO~3~ piezoelectric transducer attached to the corner of the bottom WC anvil, travel through the cell assembly, and are reflected at various interfaces including the anvil-buffer rod (BR), buffer rod-sample and sample-backing plate (BP) interfaces (see [*SI Appendix*, Fig. S1*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental) for positions of these interfaces). The reflected elastic waves are then converted back by the same transducer to electrical signals which are recorded by a digital oscilloscope at a sampling rate of 5 × 10^9^/s. Travel time through the sample was determined by the pulse-echo overlap method ([@r33], [@r34]) using the reflected signals from BR-sample and sample-BP interfaces ([Fig. 2*B*](#fig02){ref-type="fig"}). The sound velocity is nearly independent of frequency from 20 to 60 MHz ([*SI Appendix*, Table S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)) and no S-wave signals were observed for the melt ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)), indicating that the measured sound velocity for dolomite melt is fully relaxed ([@r77]) and can be directly compared with seismic wave velocity. Uncertainty in travel time is within ±0.2 ns, corresponding to a relative uncertainty of 0.2%. Sample length was determined by X-ray radiographic imaging ([Fig. 2*A*](#fig02){ref-type="fig"}), with an uncertainty within ±1.774 μm (1 pixel), corresponding to a relative uncertainty of 0.5%. Then, the sound velocity of the sample was calculated from travel time and sample length, with a total propagated uncertainty of less than ∼1%. In this study, platinum was used as the sample capsule and densified Al~2~O~3~ rod as BR and BP, which have also been successfully used in room-pressure ultrasonic measurements on carbonate melts ([@r19]).

For each experiment, the ultrasonic measurements were carried out at one to four fixed hydraulic ram loads, corresponding to pressures from ∼1.4--5.9 GPa and at temperatures from 1629 to 2046 K. After reaching the target load, the temperature was increased steadily to above the melting temperature of dolomite ([@r38]). With increasing temperature, the ultrasonic signals change as the state of the sample transforms from solid to partial melting and then to fully molten liquid ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). For each experiment, two to four heating cycles were performed and finally the sample was quenched by turning the heater power off.

Sink-Float Density Measurements. {#s4}
--------------------------------

The sink-float technique has been widely used to determine the density of silicate melts at high pressures ([@r35], [@r36]). In this technique, the density of a melt is bracketed by the sinking and flotation of preloaded solid markers, with known density, in the melt. However, this technique has never been applied to carbonate melts due to the difficulty of finding a suitable solid marker for carbonate melts. In this study, we have tested a range of materials and found that boron carbide (B~4~C), which is a superhard material and has a low room-pressure density (∼2.52 g/cm^3^) and high melting temperature (∼3036 K), is an effective density marker for carbonate melts.

The experiments were performed in a Walker-type multianvil press at Case Western Reserve University using the COMPRES 14/8 cell assembly ([@r78]). The detailed cell assembly is shown in [*SI Appendix*, Fig. S1*B*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental). A stepped heater was used to reduce the thermal gradient in the assembly and graphite, which has been widely used in various experiments for carbonate melts ([@r10], [@r20]), was used as the sample capsule. The powdered dolomite sample together with several B~4~C spheres (Sigma-Aldrich, 98% purity, ∼50--70 μm size) was packed and loaded into the graphite capsule. Then, the graphite capsule was inserted into the assembly and separated from the heater by an MgO sleeve. The high-pressure density of the solid markers was calculated using the experimentally determined EOS of B~4~C ([@r39]). The pressure of the experiments was estimated based on the pressure-load relationship calibrated by the phase transitions of bismuth and SiO~2~, and the uncertainty in pressure was estimated to be ∼0.5 GPa. The temperature of the experiments was estimated based on the W5Re-W26Re thermocouple readings, believed to be accurate within ±20 K.

In each experiment, the sample was first compressed to the target load at room temperature and then heated to 1073 K at a rate of about 50 K/min. After that, the temperature was quickly raised to the target temperature (in less than 1 min) to minimize possible reactions between the sample and solid markers. The experiment was then kept at the target temperature, which is higher than dolomite melting temperature ([@r38]) for about 2 min to allow the settling of the solid markers. The ultra-low viscosity of dolomite melt, estimated to be in the range of 0.007--0.010 Pa s at about 3--5 GPa and 1633--1783 K ([@r10]), ensures fast settling of the solid markers within the experimental duration. After the experiment, the sample was quenched by turning off the heater power. The quenched sample was then mounted in epoxy and polished for inspection of density marker positions under an optical microscope.

SEM Analysis of Quenched Samples. {#s5}
---------------------------------

The quenched samples from ultrasonic experiments were analyzed by a field-emission scanning electron microscope (SEM) at the Swagelok Center for Surface Analysis of Materials of Case Western Reserve University. The acceleration voltage and probe current were set at 10 kV and 3.7 nA, respectively. Back scattered electron (BSE) images of the samples show the typical quench texture for carbonate melt ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)), indicating that the samples are fully molten. For experiments at pressures lower than ∼2.5 GPa, a small amount of bubbles and MgO blobs were found from the BSE images and EDS elemental mapping ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). This is consistent with previous melting experiments on dolomite ([@r37], [@r38]) showing that dolomite melts incongruently at pressures below ∼2.5 GPa, which produces a liquid phase plus a vapor phase and periclase (MgO). The MgO blobs sank to the bottom of the sample and partly reacted with the top of Al~2~O~3~ buffer rod to form spinel ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). Due to this incongruent melting at low pressures, the quenched melt composition is slightly more calcium-rich than the stoichiometric dolomite composition ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). The MgO blobs and bubbles are unlikely to significantly affect the velocity results, however, because they are present in low abundance.

First-Principles Molecular Dynamics Simulations. {#s6}
------------------------------------------------

FPMD simulation on dolomite melt was performed in canonical (NVT) ensemble as implemented in the Vienna ab initio simulation package (VASP) ([@r40][@r41]--[@r42]). In FPMD simulations, the calculation of forces and energies are based on density functional theory (DFT) with the projector augmented-wave (PAW) method ([@r79]). For the estimation of electronic exchange-correlation energy, we used both the local density approximation (LDA) and the generalized gradient approximation (GGA-PBE) ([@r43], [@r44]). We used Γ-point sampling to integrate the Brillouin-zone with a time step of 1 fs. The Nosé thermostat algorithm provides a constant temperature in our MD simulations with a finite size of the plane wave basis set by energy cutoff of 450 eV ([@r80]). A volume dependent Pulay correction is added to the pressure to account for the use of limited cutoff energy, i.e., 450 eV ([@r81]).$$P = P_{MD} + P_{Pulay},\,\text{where}\, P_{Pulay} = P_{Ecut = 950eV} - P_{Ecut = 450eV}$$

Pulay corrections for the explored range of pressure, 0--20 GPa, range from 0.6 to 1.0 GPa.

We used a crystalline dolomite with trigonal symmetry as an initial guess and then homogeneously strained the trigonal lattice to a cubic lattice and melted dolomite at 4000 K. Straining of the lower symmetry unit cells of crystalline matter to a cubic lattice has been successfully used in previous FPMD studies ([@r82], [@r83]). We used a cubic unit cell with a reference volume (V~ref~ = 1157.62 Å^3^) with eight formula units of CaMg(CO~3~)~2~. V~ref~ was chosen based on the ambient-pressure volume of carbonate melt ([@r23]). The density of CaMg(CO~3~)~2~ melt at the reference volume is 2.12 g/cm^3^. After equilibrating the melt structure at 4000 K, the temperature was lowered to 3000 K. At 3000 K, simulations were performed along many constant volumes that correspond to pressures between 0 and 15 GPa. The dolomite melt was then cooled along an isochore to lower temperatures of 2600 K, 2500 K, 2300 K and 2000 K. Using a similar procedure, we also performed simulations using the GGA pseudopotential along 3000 K, 2500 K, and 2000 K isotherms. We used the Mie-Grüneisen thermal equation of state to describe the pressure, temperature and volume data obtained for dolomite melt from the simulations ([*SI Appendix*, *Text S2*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental)). All data supporting this study are presented in the paper and [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2004347117/-/DCSupplemental).
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